Using retrograde transneuronal transfer of rabies virus in combination with a conventional tracer (cholera toxin B), we studied simultaneously direct (thalamocortical) and polysynaptic inputs to the ventral lateral intraparietal area (LIPv) and the medial intraparietal area (MIP) in nonhuman primates. We found that these areas receive major disynaptic inputs from specific portions of the cerebellar nuclei, the ventral dentate (D), and ventrolateral interpositus posterior (IP). Area LIPv receives inputs from oculomotor domains of the caudal D and IP. Area MIP is the target of projections from the ventral D (mainly middle third), and gaze-and arm-related domains of IP involved in reaching and arm/eye/head coordination. We also showed that cerebellar cortical ''output channels'' to MIP predominantly stem from posterior cerebellar areas (paramedian lobe/Crus II posterior, dorsal paraflocculus) that have the required connectivity for adaptive control of visual and proprioceptive guidance of reaching, arm/eye/head coordination, and prism adaptation. These findings provide important insight about the interplay between the posterior parietal cortex and the cerebellum regarding visuospatial adaptation mechanisms and visual and proprioceptive guidance of movement. They also have potential implications for clinical approaches to optic ataxia and neglect rehabilitation.
Introduction
To generate goal-directed movements, such as reaching with the arm at stationary or moving objects, the brain must specify the position of the target in an egocentric frame of reference by integrating external signals (e.g., visual and auditory) relative to target position with intrinsic congruent signals (proprioceptive, vestibular, motor) related to body, arm, head, and eye positions. The posterior parietal cortex (PPC), which is part of the visual dorsal stream and is reciprocally connected with motor areas of the frontal lobe, is an important sensorimotor interface for intentional and attentional planning and online control of sensory guided, goal-directed, movements (Colby and Goldberg 1999; Buneo and Andersen 2006; Mulliken et al. 2008) .
To circumvent sensory feedback delays, current motor control theories postulate the existence of ''forward'' models, combining sensory inputs with motor commands to maintain a continuous estimate of movement state. According to recent hypotheses, both the PPC and the cerebellum would be part of forward models (Desmurget and Grafton 2000; Blakemore and Sirigu 2003; Buneo and Andersen 2006; Mulliken et al. 2008) . Their reciprocal connectivity (Sasaki et al. 1977; Stein and Glickstein 1992; Kakei et al. 1995; Clower et al. 2001 Clower et al. , 2005 makes it likely that they form functional loops for rapid predictions of the sensory consequences of action and online updating of movement plans.
The cerebellum influences the PPC via cerebellothalamocortical pathways (Kakei et al. 1995) . However, the presence of cerebellar terminations (Kalil 1981; Asanuma et al. 1983; Stanton and Orr 1985) in thalamic nuclei that project to the PPC (e.g., Asanuma et al. 1985; Schmahmann and Pandya 1990; Hardy and Lynch 1992; Amino et al. 2001) could not clarify precisely the origin and extent of cerebellar inputs to individual PPC areas due to the overlap of different thalamocortical populations in the same thalamic domains.
A major advance has been the development of retrograde transneuronal tracers, which makes it possible to map cerebellar input to individual cortical areas with great precision. With regard to the PPC, it has been shown that among areas 7a, 7b, the dorsal portion of the lateral intraparietal (LIPd) area, and the anterior intraparietal (AIP) area, only areas 7b and AIP receive cerebellar inputs (Clower et al. 2001 (Clower et al. , 2005 .
Using retrograde transneuronal transfer of rabies virus (Ugolini 1995 (Ugolini , 2008 Ugolini, Klam, et al. 2006) , we clarified here in nonhuman primates the origin of cerebellar inputs to 2 further PPC areas, that is, the ventral lateral intraparietal area (LIPv) and the medial intraparietal area (MIP) in the lateral and medial bank of the intraparietal sulcus (IPS), respectively. Injections were targeted into rostral LIPv and MIP at the middle third level of the rostrocaudal extent of the IPS (Fig. 1) .
LIPv is an eye movement area distinct from LIPd in myelo-and cytoarchitecture, visual field representation, and connectivity (Blatt et al. 1990 ; Lewis and Van Essen 2000) . The ensemble of LIPd and LIPv is regarded as the ''parietal eye field,'' as it contains an eye-centered representation of the space explored by eye movements, it is involved in shifting visuospatial attention and participates in encoding saccades toward salient teleceptive cues (Colby and Goldberg 1999; Buneo and Andersen 2006) .
The targeted portion of MIP ( Fig. 1) is the rostral end of MIP as cytoarchitectonically defined by Colby et al. (Colby et al. 1988 ) that according to other nomenclatures, corresponds to the middle third of PEa (Seltzer and Pandya 1986; BattagliaMayer et al. 2006) or PEip (Matelli et al. 1998) , PA5 (Kalaska and Crammond 1992) , 5b (Bioulac et al. 1999) , or 5V (Lewis and Van Essen 2000) . Like the more caudally located parietal reach region (Buneo and Andersen 2006) , this portion of MIP is an arm movement--related area, involved in sensory guidance of reaching (Mountcastle et al. 1975; Burbaud et al. 1991; Kalaska and Crammond 1992; Iriki et al. 1996; Johnson et al. 1996) . It contains neurons responsive to somatosensory (especially arm proprioceptive) and visual signals (Mountcastle et al. 1975; Seal et al. 1982; Burbaud et al. 1991; Colby and Duhamel 1991) as well as vestibular signals evoked by self-motion that also discriminate active from passive movement Graf 2003, 2006) and bimodal neurons with congruent visualsomatosensory receptive fields that are dynamically modified by tool use (Iriki et al. 1996) . Activity in this rostral portion of MIP during arm movement preparation and execution is influenced by motivation and is highly tuned to movement direction and kinematics but not dynamics (Mountcastle et al. 1975; Seal et al. 1982; Crammond and Kalaska 1989; Johnson et al. 1996; Hamel-Paˆquet et al. 2006) . Early neuronal discharge in MIP overlaps M1 activity and movement onset, and late neuronal discharge is strongly influenced by arm proprioceptive inputs (Burbaud et al. 1991; Bioulac et al. 1999) .
By coinjecting rabies virus and a conventional tracer into LIPv or MIP, we were able to visualize simultaneously thalamocortical Figure 1 . (A) 3D reconstructions and coronal sections of the injection area (red outlines) into the LIPv or the MIP at the level of the middle rostrocaudal third of the IPS, visualized by CTB immunolabeling at 2.5 or 3 days after injection of a mixture of rabies and CTB. Blue outlines: cortical surface. Green outlines: reconstructions of electrode tracts from previous recordings. (B, C) Photomicrographs of adjoining sections at the LIPv injection site, immunolabeled for CTB and rabies virus (same level as in A, left). Note that the injection area is easily identifiable with CTB (B) but not with rabies virus (C) at 2.5 days because of strong rabies immunolabeling of short-distance projections neurons in the IPS. In (B), shading in the white matter ventral to LIPv is background staining of an area of fibrosis due to multiple recording traces in that region. (D) Summary of the pathways of rabies retrograde transneuronal transfer to the cerebellar nuclei after coinjection of rabies virus and CTB into ventral MIP or LIPv: 1°(black), first-order neurons (conventional tracer, CTB) in the ipsilateral thalamus and cortical areas (ipsilateral corticocortical inputs, callosal inputs from homotopic IPS areas); 2°(blue), second-order neurons labeled transneuronally (rabies virus) at 2.5 days in the contralateral cerebellar nuclei, in the ipsilateral thalamic nuclei and reticular thalamic nucleus, and in the contralateral thalamic nuclei (the latter reflecting projections to IPS areas of the right hemisphere); 3°(red), third-order neurons labeled at 3 days in the contralateral cerebellar cortex (PCs) and contralateral reticular thalamic nucleus. Anterograde transneuronal transfer (e.g., to the pontine nuclei) did not occur (violet). Scale bar 5 4000 lm in (A), 2000 lm in (B) (also applies to C).
and other direct projections to these areas (conventional tracer) and higher order inputs (rabies virus). We found that LIPv and MIP receive major disynaptic projections from specific portions of the cerebellar nuclei. We also clarified the origin of trisynaptic projections to MIP from specific cortical cerebellar populations. Preliminary accounts of our findings have been reported earlier in short form (Ugolini et al. 2005; .
Materials and Methods
Rabies transneuronal tracing experiments were carried out in 3 adult macaque monkeys (1 Macaca fascicularis, 2 Macaca mulatta). Animals were purpose bred and purchased from authorized suppliers. Animal care and experimental procedures were approved by the relevant institutional bioethical committees and conformed with national laws and the European Communities Council Directive of 24 November 1986 (86/609/EEC) concerning biosafety and use of laboratory animals in research, as well as with ''Principles of Laboratory Animal Care'' (National Institutes of Health publication No. 86-23, revised 1985) . Details on preparation of rabies virus, handling of virusinfected animals, and the methodology for transneuronal tracing using rabies virus were described previously (Ugolini 1995 (Ugolini , 2008 Ugolini, Klam, et al. 2006 ).
MIP and LIPv Injection Sites: Neuronal Properties
Injections into ventral MIP (2 monkeys) and LIPv (1 monkey) were made at the end of long-term electrophysiological recordings. Neurons at the MIP injection site were characterized by prominent vestibular responses Graf 2003, 2006) , as well as somatosensory and bimodal somatosensory/visual responses (see also Colby and Duhamel 1991; Iriki et al. 1996) . Directional visual tuning was less selective than that of neurons in the ventral intraparietal (VIP) area, and somatosensory receptive fields were located on the arms and hands (Klam and Graf 2003) , as characteristic of MIP, but not the face, as found in VIP (Colby and Duhamel 1991; Bremmer et al. 2002) . Neurons at the LIPv injection site had visual and eye movement--related responses characteristic of LIPv (Blatt et al. 1990 , Ben Hamed et al. 2001 , weak vestibular responses, and no somatosensory responses characteristic of VIP (e.g., Colby and Duhamel 1991) .
Surgical Procedures, Injections, and Postoperative Care Surgery was performed aseptically under general anesthesia. After premedication with Valium (10 mg) and atropine (0.5 mg) and induction of anesthesia with Ketamine (30 mg/kg intramuscular [im] ) and acepromazine (0.5 mg/kg im), venous access was established, and the intravenous anesthetic propofol (induction dose, 10 mg/kg; maintenance dose, 15 mg/kg/h) was administered during the procedure. The monkey's head was fixed in a stereotaxic head holder. Access to ventral MIP or LIPv was gained via the previously implanted recording chamber, which was equipped with a Teflon grid for electrode placement, thereby allowing highly reproducible electrode penetrations. Injections were targeted at stereotaxic coordinates of previously recorded responses 10 PFU/mL) and cholera toxin B fragment (CTB) (low salt, end concentration 0.03%) (List Biological Labs, Campbell, CA) (Luppi et al. 1990 ) was injected in a single dose (2 lL delivered over 30 min) into the ventral MIP (2 monkeys) or LIPv (1 monkey) at midpoint of the rostrocaudal length of the IPS of the left hemisphere via a Hamilton syringe driven by a micromanipulator. The injection needle was left in place for more than 30 min after the end of the injection. After recovery from general anesthesia, the animals behaved normally without any clinical or behavioral signs of infection (Ugolini, Klam, et al. 2006) .
Time Points of Transfer
Animals were euthanized for histological examination 2.5 days (experiments MIP-2 and LIPv-1) and 3 days (MIP-1) after injection. These time points are sufficient for rabies retrograde transneuronal labeling of second-order neurons (2.5 days) and third-order neurons (3 days) (Moschovakis et al. 2004; Ugolini, Klam, et al. 2006 ) and simultaneous retrograde labeling of first-order neurons (CTB).
Perfusion, Tissue Processing, and Immunohistochemistry
At the chosen time points, the animals were given a lethal dose of pentobarbital (30 mg/kg intravenous) after induction of deep general anesthesia as described above. They were perfused transcardially with 2 L of phosphate-buffered saline (pH 7.4), followed by 3.5 L of 4% paraformaldehyde in 0.1 M phosphate buffer (PB) (pH 7.4) and 4 L of 10% sucrose in 0.1 M PB (pH 7.4). Brains were cut stereotaxically in the frontal plane in 2 blocks, cryoprotected and gelatin embedded as described previously (Ugolini, Klam, et al. 2006) , and cut in frozen serial sections (50 l), which were collected free floating in 8 parallel series. In 2 series (200-lm spacing), rabies virus was visualized immunohistochemically using a monoclonal antibody directed against the rabies P protein (diluted 1:1000) and the peroxidase--antiperoxidase method as described previously (Ugolini, Klam, et al. 2006) . After reactions, sections were mounted on gelatin-coated slides, air dried, counterstained with 0.1--0.5% Cresylviolet (Sigma-Aldrich, Lyon, France), and coverslipped with Entellan (Merck, Whitehouse Station, NJ). In an adjoining series of sections, CTB labeling was visualized using the peroxidase--antiperoxidase method. Sections were incubated at room temperature in triton 0.4% for 30 min, 10% donkey serum for 1 h, followed by 8-day incubation at 4°C with goat anticholeragenoid (List Biological Labs) (1:5.000), 2-h incubation at room temperature in donkey anti-goat IgG (Jackson ImmunoResearch Labs, West Grove, PA) (1:200) and 2 h in goat peroxidase--antiperoxidase complex (Jackson ImmunoResearch Labs) (1:400), followed by detection of peroxidase activity by 30-min incubation in a metalenhanced diaminobenzidine substrate kit (Pierce, Rockford, IL). Sections were mounted on gelatin-coated slides, air dried, and coverslipped with Entellan (Merck). Another series of sections was stained for myelin with gold chloride (Schmued 1990 ).
Data Analysis
We examined every fourth section for rabies immunolabeling and every eighth sections for CTB immunolabeling. Labeled neurons were visualized by light microscopy, analyzed, and counted using a computer-assisted plotting and reconstruction software (Neurolucida, MBF Bioscience, Colchester, VT). 3D reconstructions of the injection area, the cerebellar nuclei, and the entire cerebellar cortex were created using Neurolucida, by stacking in register serial digital plots of immunolabeled sections. Solid reconstructions were visualized using the associated Solid Model software and exported into Adobe Illustrator. High-resolution composites of digital images were captured using an Optronics video camera coupled to the microscope and the Virtual Slice module of Neurolucida.
Results
In these experiments, we found that it is possible to coinject a mixture of rabies virus and the conventional tracer CTB without altering the uptake of either tracer (see below). This is a major methodological improvement because it allows visualization in the same experiment of the injection area and of direct projections (here thalamocortical and other firstorder neurons) with CTB, as well as transneuronal labeling (higher order neurons) with rabies virus. This rabies--CTB combination has also the great value of avoiding any difficulties in interpretation that would arise in case of slightly different placement of the injections if single-step and transneuronal tracing experiments were conducted separately (with the bonus that the number of nonhuman primates required to obtain the 2 sets of results is reduced by half).
Injection Site (CTB Results) Contrary to some conventional tracers and alpha-herpesviruses (e.g., Hoover and Strick 1999), rabies virus does not induce tissue damage and does not accumulate at the injection site. Therefore, the injection site can only be estimated based on the density gradient of labeled neurons (Kelly and Strick 2003) that can be complicated by labeling of short-distance projection neurons (Fig. 1C) . Conversely, after coinjection of rabies virus and CTB, CTB immunolabeling reveals the precise extent of the injection site, which is a major improvement (Fig. 1B) (Ugolini et al. 2005; Billig and Strick 2006) . Reconstructions of the injection sites (Fig. 1A) and study of the myelo-and cytoarchitectonics showed that the injections involved area LIPv (see Blatt et al. 1990; Lewis and Van Essen 2000) or the ventral portion of MIP at the level of the middle rostrocaudal third of the IPS ( Fig. 1 ; see the introduction for correspondence with other nomenclature). The injections did not invade either the white matter or area VIP (Fig. 1) , in keeping with neuronal responses at the injection sites (see Materials and Methods).
First-Order Inputs (CTB Results): Differences in Thalamic Input to MIP and LIPv
Because we deliberately used CTB at low concentration (0.03%) in order not to interfere with rabies virus uptake, CTB immunolabeling was not very intense but easily detectable. Importantly, CTB immunolabeling visualized all known direct thalamocortical and corticocortical projections to MIP and LIPv (e.g., frontoparietal, Graf et al. 2006) , showing that mixing rabies with CTB did not alter CTB uptake. The thalamic nuclei were delineated according to Olszewski (Olszewski 1952) (Fig. 2) . CTB results showed that the first-order thalamic neurons targeting LIPv and ventral MIP were largely topographically segregated (Fig. 2, white dots) . Thalamic input to MIP was derived ipsilaterally from mainly dorsal and lateral portions of the lateral pulvinar (LPul), anterior pulvinar (APul), lateralis posterior (LP), ventral lateral, pars postrema (VLps) and pars caudalis (VLc), and neighboring central lateral (CL) and medial dorsal (MD) nuclei (Fig. 2) . Thalamic input to LIPv originated largely from more caudal, medial, and ventral portions of the pulvinar complex (medial pulvinar, MPul, LPul, APul) and the LP, MD, and CL nuclei. Direct cortical projections to each area were derived from homotopic portions of the IPS of the contralateral hemisphere (Fig. 1D ) and additional cortical areas of the ipsilateral hemisphere, including strong projections to MIP from area V6A (not shown) (for frontoparietal inputs, see Graf et al. 2006 ).
Rabies Transneuronal Transfer: Disynaptic Inputs (2.5 days) and Trisynaptic Inputs (3 days)
In these experiments, we found that mixing rabies virus with 0.03% CTB did not reduce transneuronal transfer of rabies virus, as confirmed by other authors (Billig and Strick 2006) who tested our rabies--CTB combination protocol in rodents. In fact, retrograde transneuronal transfer of rabies virus remained strictly time dependent: second-order and thirdorder neurons were labeled at 2.5 and 3 days, respectively (see below), as obtained in primates when we injected rabies virus alone (e.g., Moschovakis et al. 2004; Ugolini, Klam, et al. 2006; Ugolini 2008) . No rabies immunolabeling was found in parietal receiving portions of the striatum, pontine nuclei, and nucleus reticularis tegmenti pontis (NRTP) at 2.5 or 3 days, confirming that rabies virus does not propagate by anterograde transneuronal transfer (e.g., Kelly and Strick 2003; Ugolini 2008) .
Thalamus
Thalamic neuronal labeling provides an internal control of the number of synapses crossed by the rabies tracer. Apart from first-order, only disynaptic (second-order) projections were labeled at 2.5 days because labeling of the reticular thalamic nucleus was present ipsilaterally (i.e., second-order), but not contralaterally (third-order) (Fig. 2) . Second-order neurons were labeled in additional thalamic nuclei on both sides (Fig.  2) . Notably, at 2.5 days, second-order labeling in the contralateral (right) thalamus occurred in both MIP and LIPv experiments (LIPv: arrows in Fig. 2 ) and mirrored the distribution of first-order labeling (CTB) ipsilaterally because it reflected thalamocortical projections to homotopic IPS areas of the right hemisphere (which are first-order to the injected left MIP and LIPv, see Fig. 1D ). At 3 days (experiment MIP-1), the rabies tracer crossed an additional synaptic step, as signaled by the labeling of the contralateral reticular thalamic nucleus, as well as additional thalamic domains (Fig. 1D ).
Cerebellar Nuclei
At the 2.5 days time point, we also found second-order labeling in the cerebellar nuclei, showing that the intraparietal cortex receives prominent disynaptic cerebellothalamocortical projections ( Fig. 1D and 3--6 ). At this time point, no labeling occurred in the cerebellar cortex (third-order) in the MIP and LIPv experiments. These results revealed important differences in cerebellar nuclear projections to ventral MIP versus LIPv.
Second-order cerebellar nuclear input to MIP was derived mostly from 2 regions in contralateral cerebellum (Figs 3 and  4) . One was the ventrolateral part of the interpositus posterior (IP) nucleus, especially caudally ( Fig. 3, left; Figs 4 , 5A-C, and 6). The second region was the ventral portion of the caudal twothirds of the contralateral dentate (D) nucleus, especially its middle third (Fig. 3, left; Figs 4 , 5G, and 6). Only a few inputs were derived from the fastigial (F) nucleus bilaterally and from the interpositus anterior (IA) nucleus contralaterally, especially rostrally ( Fig. 3, left; Figs 4 and 6) .
By contrast, cerebellar input to LIPv was derived largely from different output channels (Fig. 3, right; Fig. 4 ; Fig. 5D-F,H;  Fig. 6 ). Thus, the ventrolateral IP also targeted LIPv, but labeled neurons were fewer and occupied a more restricted portion of the ventrolateral IP contralaterally; most labeling of the D was located more caudally ( Fig. 3, right; Fig. 4 ; Fig. 5D-F,H; Fig. 6 ). Only a few inputs were derived from the contralateral IA (caudal half); labeling of the F was negligible (Fig. 3, right ; Figs 4 and 6).
At 3 days (third-order time point, MIP-1 experiment), the focus of the distribution in the cerebellar nuclei remained contralaterally in the same portions of ventral D and ventrolateral IP as obtained at the 2.5-day time point, but labeling extended to additional portions of all cerebellar nuclei bilaterally (Ugolini et al. 2005) . This additional labeling is compatible with cerebellar nuclear projections to cortical areas connected to MIP, like third-order thalamic labeling (Fig. 1D) . Thus, ipsilateral cerebellar labeling at 3 days mirrored the distribution obtained contralaterally at 2.5 days and most likely reflected projections to the right MIP (connected with the injected left MIP, Fig. 1D ). . Differences in thalamic (direct and second-order) inputs to the MIP (left) versus the LIPv (right) at 2.5 days after coinjection of rabies virus and the conventional tracer CTB. In each row, the left side is ipsilateral. The rostrocaudal distance of the coronal sections from the interaural axis is indicated. White dots: first-order neurons (CTB); note the topographical differences of neurons targeting MIP (dorsal and lateral) versus LIPv (caudal, medial, and ventral). Location: pulvinar complex, LP, VLps and VLc, CL, MD. Brown: rabies retrograde transneuronal labeling at 2.5 days, involving second-order neurons in the reticular thalamic (Rt) nucleus ipsilaterally and additional thalamic nuclei on both sides. Second-order neurons (brown) contralaterally (for LIPv, see arrows in C--E) mirror the distribution of first-order neurons (white dots) ipsilaterally. In both MIP and LIPv experiments, no labeling is found in Rt (third order) contralaterally, showing that third-order neurons are not yet labeled at 2.5 days (see also Fig. 1D ). Other abbreviations: CM, centromedian; fr, fasciculus retroflexus; Hb, habenula; IPul, inferior pulvinar; LD, lateral dorsal; LG, lateral geniculate; MG, medial geniculate; MPul, medial pulvinar; NPC, nucleus of the posterior commissure; ol, olivary pretectal nucleus; PF, parafascicular; SG, suprageniculate; VPLc, ventral posterior lateral, pars caudalis; VPLo, ventral posterior lateral, pars oralis; VPM, ventral posterior medial; ZI, zona incerta; 3v, third ventricle; III, oculomotor nucleus.
Third-Order Inputs to MIP from the Cerebellar Cortex
Results obtained at 3 days after injections into MIP revealed the topographic arrangements of cerebellar Purkinje cells (PCs) that influence trisynaptically MIP (via projections to cerebellar nuclei neurons labeled at 2.5 days) (Figs 1D, 5I-M, 7, and 8). The cerebellar cortical lobules (Figs 7 and 8) were identified according to Madigan and Carpenter (Madigan and Carpenter 1971) . The majority (88%) of the labeled PCs was located in 5 regions of the contralateral cerebellar cortex (Fig. 7, pie chart) , which can be grouped into 3 main groups.
The most prominent group (50.6%) included deep portions of Crus II posterior (Crus IIp, 30.9%) and the neighboring paramedian lobule (PML, 19.7%), where labeled PCs were arranged in multiple parallel bands, extending obliquely (from caudomedial to rostrolateral) with continuity across both Crus IIp and PML ( Fig. 7a-e; Fig. 8a,a',b,b',d,d'; Fig. 5I-M) . The densest (central) strip in PML/Crus IIp presumably corresponded in location to the olivocerebellar C2 zone, which receives input from the rostral medial accessory olive (rMAO) and projects to the IP, as described in other species (Rosina and Provini 1983; Voogd et al. 2003) . A more lateral strip, particularly developed in Crus IIp, presumably corresponded in location to the D zones, projecting to the D nucleus (Rosina and Provini 1983; Voogd et al. 2003) .
The second main group (26.1%) included paravermal portions of the anterior lobe (AL) (15.4%) and lobulus simplex (10.7%), where labeled PCs were aligned longitudinally in multiple bands of varying density, mainly on the dorsal paravermal surface of lobules V--VI (Fig. 7e-j, pie chart; Fig. 8a , a', c, c', e, e' ).
The third main group included the dorsal paraflocculus (DPFl, 11.6%), where labeled PCs formed complex bands, located especially in the lateral half of the DPFl lobules, excluding the lobus petrosus ( Fig. 7h-j; Fig. 8a,a' ,h,h'). The remainder (11.7%) was sparsely distributed in Crus Ip and Ia, vermal portions of AL, vermal VIII, IX--X, flocculus, and ventral paraflocculus (Figs 7 and 8) . No labeling occurred in the oculomotor vermis (VII). Labeled PCs were clearly third-order neurons because granule cells 
(Kelly and Strick 2003) and cerebellar cortical interneurons (fourth order)
were not yet labeled.
Discussion
Using retrograde transneuronal tracing with rabies virus, we found that the PPC areas LIPv and MIP (Fig. 1) receive prominent projections from the D and IP nuclei. The major IP output channels to these areas are in marked contrast with the minor inputs from the interpositus complex to the other parietal and frontal cortical areas studied to date that receive mostly D output channels (e.g., Dum and Strick 2003; Akkal et al. 2007) .
Cerebellar projections are routed to the PPC through the dorsal thalamus. By injecting a mixture of rabies virus and a conventional tracer (CTB), we were able to identify direct projections to LIPv and MIP (CTB) and higher order neurons (rabies virus) in the same experiments. The CTB results showed that thalamocortical projections to LIPv and MIP (Fig. 2, dots) issue from some cerebellar receiving thalamic territories (LIPv: CL and neighboring LP; MIP: VLc, VLps, CL, and LP) that relay inputs from the IP and D to the IPS (Kalil 1981; Asanuma et al. 1983; Stanton and Orr 1985; Amino et al. 2001 ). Major differences in thalamic input to LIPv and MIP (Fig. 2, dots ) are in keeping with previous results (e.g., Schmahmann and Pandya 1990; Hardy and Lynch 1992; Amino et al. 2001) and are paralleled by topographical and functional differences in IP and D inputs to these areas, revealed in the present study (see below).
Cerebellar Nuclear Output Channels to LIPv
LIPv and LIPd form the ''parietal eye field,'' which participates in saccade encoding (e.g., Colby and Goldberg 1999; Buneo and Andersen 2006) . We found that LIPv receives prominent disynaptic cerebellar inputs from the caudal pole of D and from a restricted caudal portion of ventrolateral IP. Conversely, LIPd receives no cerebellar inputs (Clower et al. 2001) . LIPd and LIPv differ in visual receptive field representation (Blatt et al. 1990; Ben Hamed et al. 2001 ) and connectivity. Notably, LIPv is the strongest source of LIP projections to the superior colliculus (SC) motor layers (Lynch et al. 1985) and frontal eye field (FEF) (Schall et al. 1995) .
Caudal D Output Channels to LIPv
The caudal pole of the D, which targets LIPv (Fig. 3, right; Figs. 4, 5H, and 6), is especially responsive to teleceptive cues (Chapman et al. 1986; van Kan et al. 1993) . It must be regarded as the D oculomotor domain because it also projects disynaptically to the FEF (Lynch et al. 1994 ) and monosynaptically to the SC (May et al. 1990) , where it contacts directly saccaderelated burst neurons (SRBNs) that target abducens motoneurons ). Thus, the same caudal D domain influences in parallel LIPv, FEF, and SC SRBNs. This finding is important because these common targets of the caudal D have cooperative oculomotor functions and are heavily interconnected (Blatt et al. 1990; Colby and Goldberg 1999; Clower et al. 2001; Sommer and Wurtz 2008 ). Fig. 7b ). Boxed area in (L) is enlarged in (M). Scale bar 5 2000 lm in (A) (also applies to D), 400 lm in (B) (also applies to E, G, H, M), 200 lm in (C), 100 lm in (F), 1000 lm in (I) (also applies to L), and 50 lm in (J) (also applies to K).
IP Output Channels to LIPv
The restricted caudal portion of the ventrolateral IP that targets LIPv (Fig. 3, right; Figs 4, 5D--F, and 6) is the distinct ''eye movement '' region (van Kan et al. 1993 ), related to vertical saccades and pursuit eye movements (Robinson et al. 1997; Robinson 2000; Robinson and Fuchs 2001) . Unlike the caudal D, it does not provide output channels to FEF (Lynch et al. 1994) . Although it heavily projects to the SC intermediate layers (May et al. 1990 ), its projections do not directly contact SRBNs ), making it likely that they carry gaze (rather than purely saccade-related) signals to buildup, and eye/head neurons (Munoz and Wurtz 1995) and gaze dependent reach neurons in these SC layers (Lu¨nenburger et al. 2001 ). Thus, it may transmit similar signals to LIPv. Notably, LIPv is prominently influenced by gaze position (Buneo and Andersen 2006) and is also involved in gaze saccades (Thier and Andersen 1998) .
Cerebellar Nuclear Output Channels to MIP
The injected rostral MIP area functions as a sensorimotor interface for planning and control of proximal arm movements under visual and proprioceptive guidance (Mountcastle et al. 1975; Burbaud et al. 1991; Kalaska and Crammond 1992; Iriki et al. 1996; Johnson et al. 1996) , like the parietal reach region (Buneo and Andersen 2006) . Our results provide the first description of cerebellar nuclear and cortical populations potentially involved in the neuronal operations performed by MIP.
D Output Channels to MIP
MIP injections label neurons in the caudal two-thirds of the ventral D (especially its middle third) (Fig. 3, left; Figs 4 and 6) . The results confirm that D projections to cortical areas are mediated by spatially separate output channels, by showing that the D population that targets MIP is entirely separate from D output channels to the supplementary motor area (SMA) (Wiesendanger and Wiesendanger 1985; Akkal et al. 2007 ) and arm M1 (Hoover and Strick 1999) and largely distinct from the D domains targeting AIP and 7b (Clower et al. 2001 (Clower et al. , 2005 , LIPv (present results), dorsolateral prefrontal cortex (Middleton and Strick 2001) , pre-SMA (Akkal et al. 2007) , and ventral premotor cortex (PMv) (Orioli and Strick 1989) .
IP Output Channels to MIP IP output channels to MIP are prominently derived from the eye movement region that targets LIPv (see above) and from more medial, arm-related portions of the caudal ventrolateral IP (Mason et al. 1998) (Fig. 3, left; Figs 4, 5A--C, and 6 ). Some projections originate also from a more rostral portion of the ventrolateral IP (Fig. 3B ) that is involved in divergence eye movements (Zhang and Gamlin 1998) and projects to the supraoculomotor area (May et al. 1992) and from there to abducens motoneurons (Ugolini, Klam, et al. 2006; Prevosto et al. 2007) . Output channels to MIP from this divergence-related IP domain are consistent with the necessity of cooperative divergence during visually guided reaching (e.g., Melmoth and Grant 2006) .
The strong projections to MIP from the caudal eye movement area of the ventrolateral IP may similarly reflect combined eye/ arm movement coordination and might be involved in transmission of gaze signals (see above) contributing to the generation of nonretinocentric reference frames for eye--hand coordination. Notably, gaze influences on neuronal responses during reaching have been demonstrated in the SC (Lu¨nenburger et al. 2001 ) and in PMv (Mushiake et al. 1997) , which receive projections from this ventrolateral IP domain (SC: May et al. 1990; PMv: Orioli and Strick 1989) . They have also been demonstrated in superior parietal lobe areas 5, 7m, PEc, and V6A (see Marzocchi et al. 2008 ) that are connected with MIP (e.g., Seltzer and Pandya 1986; Colby et al. 1988; Blatt et al. 1990; Shipp et al. 1998; Gamberini et al. 2009; Prevosto V, Graf W, and Ugolini G, unpublished results from the present experiments) and participate in multistage online control of reaching (e.g., Galletti et al. 2003; Battaglia-Mayer et al. 2006; Breveglieri et al. 2008) .
By far, the most prominent output channels to MIP are derived from the arm-related portion of the ventrolateral IP (medial to the eye movement area), where neuronal activity is related to multijoint arm movements (reaching) (van Kan et al. 1993; Mason et al. 1998) . The ventrolateral IP receives arm and neck proprioceptive signals directly from the external cuneate nucleus (Gonzalo-Ruiz and Leichnetz 1990), the rMAO (Ikeda et al. 1989) , and the rostral spinocerebellar tract (Matsushita and Xiong 2001, rat) . Notably, it can control reaching movements via its projections to the SC and underlying mesencephalic reticular formation (May et al. 1990) and to the arm/shoulder representation of the magnocellular red nucleus (Robinson et al. 1987) , that is, descending motor pathways that mediate coordinated movements of the whole arm and, for the SC, also head movements and gaze (Keifer and Houk 1994; Belhaj-Saı¨f et al. 1998; Lu¨nenburger et al. 2001) . Output channels from the IP probably convey to MIP an efference copy of ongoing commands transmitted by the IP to tecto-and rubrospinal neurons because most interpositothalamic projections are axon collaterals of interpositotectal and interpositorubrospinal ones (Bentivoglio and Kuypers 1982; Keifer and Houk 1994) .
Output channels to MIP from the ventrolateral IP may also be a potential substrate for adaptive modulation of visual--vestibular responses in MIP because IP neurons receive visual inputs from the NRTP (Gerrits and Voogd 1987) and DPFl (see below) and vestibular inputs (Luan and McCrea 2005) from the vestibular nuclei (Gonzalo-Ruiz and Leichnetz 1990) and the intermediate cerebellum (see below). Because distinct populations of interpositus neurons encode passive and active head movements (Luan and McCrea 2006) , ventrolateral IP output channels to MIP (and PMv) may contribute to known differences in neuronal responses to active and passive head movements in MIP and PMv (Graziano et al. 1997 ). The rostral F may also participate to these properties (e.g., Meng et al. 2007) , although it has only minor projections to MIP (Figs 4 and 6) .
PCs Inputs to MIP Cerebellar PC strips that influence MIP trisynaptically via their projections to the ventrolateral IP and ventral D originate predominantly (61.2%) from the posterior cerebellum (50.6% in PML/Crus IIp, 11.6% in DPFl) (Figs 7 and 8) , in striking contrast with PCs output channels to arm M1, which are derived mostly (80%) from the anterior cerebellum (AL/simplex) (Kelly and Strick 2003; Lu et al. 2007) . Moreover, in the anterior cerebellum, PC populations targeting MIP (present study) and M1 (Kelly and Strick 2003; Lu et al. 2007 ) are remarkably separate, a segregation also present in the respective D and interpositus populations (M1: Hoover and Strick 1999; Lu et al. 2007 ). Thus, PCs targeting MIP form sparse longitudinal strips, largely in paravermal portions of lobules V/VI of AL/simplex (Figs 7 and 8) . In contrast, PCs targeting arm M1 are located more laterally (Kelly and Strick 2003; Lu et al. 2007) .
A distinctive characteristic of the posterior cerebellar cortical areas (DPFl, PML/Crus IIp) that provide prominent output channels to MIP (62,2% of the total, present study), and also M1 (20%, Kelly and Strick 2003) , is that they have the required connectivity for visual guidance of reaching. In fact, they receive projections from the dorsolateral pons, relaying elaborate visual spatial representations from parietal dorsal stream areas, including MIP, as well as visuomotor inputs from the SC (Glickstein et al. 1994 ). Moreover, they are the cerebellar areas showing the most pronounced activations during visually guided reaching tasks (Savaki et al. 1996) and receive the central and peripheral inputs that are required for comparison between intended and actual arm movements (see below).
Dorsal Paraflocculus
Notably, the DPFl projects exclusively to the ventral D and ventrolateral IP (Kralj-Hans et al. 2007) , which target MIP (see above). It receives the greatest number of projections from the dorsolateral pons (Stein and Glickstein 1992; Glickstein et al. 1994 ) and has prominent visual and eye movement--related activity (Noda and Mikami 1986; Marple-Horvat and Stein 1990) . Its properties are much more tightly related to visual guidance than movement execution (Stein and Glickstein 1992) , as it lacks the motor cortical and arm proprioceptive inputs that reach the PML/Crus IIp (see below) and shows only limited arm movement--related activity (Marple-Horvat and Stein 1985 , 1990 .
Paramedian Lobule and Crus II Posterior
The portions of PML/Crus IIp that influence MIP (Figs 7 and 8 ) belong to the arm representation of the posterior cerebellum (Snider and Eldred 1952) and have activity related to arm movements (Marple-Horvat and Stein 1987) . The labeled portions of PML/Crus IIp may be regarded as a functional unit because they largely receive common inputs and have the required connectivity to code for incoming forelimb movement parameters, by combining motor plans with reafferent proprioceptive inputs. In fact, they receive mossy and climbing fiber inputs from motor areas, premotor areas, frontal association, and parietal cortex, including area 5 (e.g., Sasaki et al. 1977; Brodal 1980; Kelly and Strick 2003) and prominent extero-and proprioceptive inputs from the arm through olivo-, cuneo-, and rostral spinocerebellar pathways (e.g., Rosina and Provini 1983; Jasmin and Courville 1987; Matsushita and Ikeda 1987) . They also receive vestibular and neck inputs related to head movements from the central cervical nucleus (Matsushita and Tanami 1987) , direct projections from the vestibular nuclei (Jasmin and Courville 1987) , and eye position signals from the nucleus prepositus hypoglossi (Brodal and Brodal 1983) . This conjunction of inputs is consistent with the role of PML/Crus IIp PC strips in visual and proprioceptive guidance of reaching, and possibly coordination of arm/eye/head movement (Stein and Glickstein 1992; Desmurget and Grafton 2000; Miall et al. 2001) .
Functional Considerations
Forward Models of Action and Optic Ataxia How mechanisms for adaptive and online control of movement are implemented in the brain is highly disputed. The cerebellum and the PPC are suggested to produce forward models of action required for online control of movement (Desmurget and Grafton 2000; Buneo and Andersen 2006) . The cerebellar cortical and nuclear output channels to MIP, demonstrated here, potentially form a suitable neural substrate for predictive control of voluntary action and online control mechanisms, allowing for fast correction of movement execution based on an efference copy of motor signals and visual and proprioceptive feedback (Blakemore and Sirigu 2003) . Notably, lesions of the superior parietal lobe, or restricted to the medial bank of the IPS (Trillenberg et al. 2007 ), result in optic ataxia, a deficit in reaching movements under visual as well as proprioceptive guidance (Blangero et al. 2007) . Considering the role of the cerebellar cortical and nuclear pathways to MIP in visual and proprioceptive guidance of movement, their disruption may contribute to the specific deficits in online control of movement associated with optic ataxia (e.g., Pisella et al. 2000; Trillenberg et al. 2007 ).
Adaptive Visuospatial Signals and Prism Adaptation
Another unresolved issue is the respective involvement and connectivity of the cerebellum and PPC in prism adaptation, which is particularly effective and long lasting in alleviating visuospatial (extrapersonal) neglect symptoms following parietal lesions (Frassinetti et al. 2002; Redding and Wallace 2006) . Our results reveal one of the potential neural bases for such prism adaptation effects, by demonstrating that MIP receives major projections, via the ventral D and ventrolateral IP, from posterior cerebellar cortical regions (DFPl, PML/Crus IIp) that have been proposed to mediate prism adaptation (Baizer et al. 1999) . Notably, these cerebellar projections to MIP could mediate prism-induced recalibration mechanisms in neglect patients because they remain functional, since the superior parietal lobe and IPS are not typically part of the cortical lesions leading to neglect (Milner and McIntosh 2005; Striemer et al. 2008) . Conversely, lesions of the medial bank of the IPS that cause optic ataxia (Trillenberg et al. 2007 ) also disrupt the beneficial effects of prism adaptation on neglect symptoms (Striemer et al. 2008) , and both effects might be explained by the impairment of the cerebellar inputs to the IPS demonstrated by the present study. The finding that the same ventrolateral IP domain targets both the IPS and PMv, that is implicated in prism adaptation effects (Kurata and Hoshi 1999) , points to this IP domain as the critical cerebellar output channel involved in transmission to the cerebral cortex of adaptive signals that serve to redirect visuospatial attention (i.e., the beneficial effects of prism adaptation on extrapersonal neglect) and may similarly contribute to online updating of extrapersonal space representations in the IPS and PMv (e.g., Graziano and Gross 1998; Maravita and Iriki 2004 
